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Abstract
The molecular basis for regulation of dendritic cell (DC) Although the accumulation of the immediate precursors of cDCs in the spleen was also not impaired, the half-life of newly generated splenic CD4 + cDCs was markedly reduced in SIRPα mutant mice. Both hematopoietic and nonhematopoietic CD47 was found to be required for homeostasis of CD4 + cDCs and CD8 -CD4 -(DN) cDCs in the spleen. SIRPα as well as its ligand CD47 are thus important for homeostasis of CD4 + cDCs or DN cDCs in lymphoid tissues.
Introduction
Dendritic cells (DCs) are professional antigen-presenting cells that play two major roles in the immune system: initiation and modulation of the immune responses of T cells to exogenous pathogens, and maintenance of T cell tolerance to self-components. 1 -cDCs are present predominantly in the marginal zone of splenic lymphoid follicles as well as in marginal zone-bridging regions, whereas CD8 + cDCs are enriched in the periarteriolar lymphoid sheaths, which are populated largely by T cells, in the white pulp of the spleen. 5 These cDC subtypes are in dynamic balance. The estimated half-life of mature cDCs in the spleen under steady state conditions is only 2 to 3 days. 6 The immediate precursors of cDCs, defined as lineage-negative CD11c + MHC class II -SIRPα int Flt3 + cells (pre-cDCs), [7] [8] [9] are widely distributed in bone marrow (BM) as well as in secondary lymphoid tissues and circulating blood, and they are thought to maintain cDCs in lymphoid tissues under steady state conditions.
Genetic analysis of cDC development and homeostasis has revealed that many gene products regulate cDC development, with some of them selectively controlling CD8 -cDCs or CD8 + cDCs. 4, 9 Development of CD8 -cDCs is markedly suppressed in mice deficient in transcription factors such as interferon regulatory factor (IRF)-2, 10 IRF-4, 11 RelB, 12 or RBP-J. 13 Moreover, the lymphotoxin-β receptor-mediated signaling pathway 14 as well as tumor necrosis factor receptor-associated factor 6 (TRAF6) 15 are also thought to be important for the development of CD8 -cDCs. In contrast, the development of CD8 + cDCs is affected by genetic deficiency of Batf3, 16 interferon consensus sequence-binding protein (ICSBP), 17 or the helix-loop-helix transcription factor Id2 (inhibitor of DNA binding 2). 18 However, the molecular basis for regulation of homeostasis of cDC subpopulations remains incompletely understood. 
Methods
Animals
Mice that express a mutant version of SIRPα that lacks most of the cytoplasmic region were described previously 23, 26 and were backcrossed to the C57BL/6 background for five generations. CD47-deficient (CD47 KO) mice were described previously 27 and were backcrossed to the C57BL/6 background for >10 generations. C57BL/6 mice congenic for the CD45 gene locus (B6-Ly5.1) were kindly provided by H. Nakauchi (University of Tokyo, Tokyo, Japan). Sex-and age-matched mice at 6 to 10 weeks of age were studied.
Mice were bred and maintained at the Institute of Experimental Animal Research of Gunma University under specific pathogen-free conditions and were handled in accordance with the animal care guidelines of Gunma University.
Cell preparation and flow cytometry
Cell suspensions were prepared from the spleen, peripheral lymph nodes (pLNs), thymus, and BM as described previously. 26 For preparation of splenocytes or pLN cells, the spleen or pLNs were minced and then digested with collagenase (Wako, Osaka, Japan) at 400 U/ml in the presence of 5 mM EDTA for 30 min at 37°C. The undigested fibrous material was removed by filtration through a 70-μm cell strainer (BD Falcon, San Jose, CA), and red blood cells in the filtrate were lysed with Gey's solution. The remaining cells were washed twice with phosphate-buffered saline (PBS) and then subjected to flow cytometric analysis.
For preparation of a DC-enriched, low-density fraction of thymocytes, the thymus was digested as described above, and the recovered cells were suspended in 2 ml of Ca 2+ -and
Mg
2+
-free Hanks' balanced salt solution (Invitrogen, Carlsbad, CA) containing 17%
Optiprep (Axis-Shield, Oslo, Norway) and then overlaid consecutively with 2 ml of 12%
Optiprep in a solution containing 10 mM HEPES-NaOH (pH 7.4), 0.88% NaCl, 1 mM EDTA, and 0.5% bovine serum albumin and with 2 ml of Ca 2+ -and Mg
-free Hanks' balanced salt solution. The resulting gradient was centrifuged at 700 × g for 15 min at 20°C, after which cells at the interface of the top two layers were collected, washed twice with
For personal use only. on October 3, 2017. by guest www.bloodjournal.org From PBS, and subjected to flow cytometric analysis. For preparation of BM cell suspensions, BM cells were isolated from the femur and tibia with the use of a syringe fitted with a 23-gauge needle. Fibrous material was removed by filtration through a 70-μm cell strainer, and red blood cells in the filtrate were lysed with Gey's solution. The remaining cells were washed twice with PBS. Cells isolated from each organ were analyzed by flow cytometry with the use of a FACSCalibur, FACSCantoII, or FACSAriaII instrument (BD Biosciences, San Jose, CA), and all data were analyzed with FlowJo software (Tree Star, Ashland, OR).
BM chimeras
Recipient B6-Ly5.1 mice were subjected to lethal irradiation (9. mg/g at 3, 6, and 11 days after transplantation. Four weeks after transplantation, the recipient mice were killed and splenocytes were analyzed by flow cytometry. 
Isolation and injection of pre-cDCs
Determination of the turnover rate of splenic cDCs
Measurement of the turnover rate of splenic cDCs was performed as described previously. 6 In brief, mice were initially injected intraperitoneally with 1 mg of bromodeoxyuridine (BrdU) and were then continuously provided with BrdU (0.8 mg/ml) in sterile drinking water that was changed daily. At various times after BrdU injection, the spleen was isolated and digested with collagenase as described above. Control splenocytes from mice that were not given BrdU were prepared in parallel. The cells were washed and then incubated with a PE-conjugated mAb to mouse CD8α, a PE-Cy7-conjugated mAb to mouse CD4, an APC-conjugated mAb to mouse CD11c, and an APC-Cy7-conjugated mAb to B220. The Figure   S1 ). With the use of flow cytometric analysis, we found that the proportion as well as the absolute number of cDCs in the spleen of SIRPα MT mice were markedly decreased compared with those in WT mice, whereas the proportion and number of pDCs in the spleen were similar for WT and SIRPα MT mice ( Figure 1A ). In addition, among the cDC subpopulations, the proportion as well as the absolute number of CD4 + cDCs in the spleen were greatly reduced for SIRPα MT mice, whereas those of either CD8 + cDCs or DN cDCs were similar for WT and SIRPα MT mice ( Figure 1B) . We also examined the distribution of CD11c + DCs in the spleen of WT or SIRPα MT mice. Immunohistofluorescence analysis revealed that staining for CD11c in the splenic marginal zones, likely corresponding to CD8 -cDCs, 5 was markedly reduced in SIRPα MT mice compared with that in WT mice ( Figure 1C ). By contrast, staining for CD11c in the splenic periarteriolar lymphoid sheaths, which mostly reflects CD8 + cDCs, did not appear to differ between the two genotypes.
In the peripheral lymph nodes (pLNs), there exist three subtypes of DCs: cDCs, pDCs, and mDCs in pLNs express SIRPα at a high level. 21 The proportions as well as the absolute numbers of cDCs and mDCs in pLNs were markedly reduced in SIRPα MT mice compared with those in WT mice (Figure 2A ). Among cDCs in pLNs, the proportion as well as the absolute number of CD4 + cDCs were substantially reduced in SIRPα MT mice compared with those in WT mice ( Figure 2B ). SIRPα MT mice ( Figure 2C ). Together, these results thus suggested that SIRPα is important for homeostatic regulation of CD4 + cDCs as well as for mDCs in secondary lymphoid organs.
Intrinsic requirement of SIRPα for cDC homeostasis in the spleen
Given that splenic CD4 + cDCs express SIRPα at a high level, we next examined whether 7 in the spleen of the mutant animals. These pre-cDCs are widely distributed in BM as well as in secondary lymphoid tissues and circulating blood, and they are thought to give rise to all subtypes of cDCs in order to maintain these cells in lymphoid tissues under steady state conditions. 7 The proportion of pre-cDCs in the spleen was not decreased in SIRPα MT mice compared with that in WT mice ( Figure 5A ). Given that all subtypes of cDCs arise from these pre-cDCs in the spleen, the deficiency of splenic CD4 + cDCs of SIRPα MT mice is thus unlikely to be attributable to a defect in development of pre-cDCs from BM cells or in the migration of these cells to the spleen.
To confirm further that the accumulation of CD4 + cDCs derived from pre-cDCs is indeed reduced in the spleen of SIRPα MT mice, we sorted pre-cDCs from BM of either Ly5.2 + WT or SIRPα MT mice (Supplemental Figure S2) We therefore next examined the turnover rate of the three splenic cDC subpopulations by monitoring the kinetics of cell labeling with BrdU in the continuous presence of this agent. 6 In the spleen of WT mice, the turnover rate of CD8 + cDCs is greater than that of the other two subtypes of cDCs, with the estimated half-lives of CD8 + cDCs, DN cDCs, and CD4 + cDCs being 1.5, 2.0, and 2.9 days, respectively. 6 We also found that the labeling of CD8 + cDCs by BrdU in WT mice was much faster than that of CD4 + cDCs or DN cDCs ( Figure 5C ). However, the labeling of CD4 + cDCs was markedly faster in SIRPα MT mice than in WT mice. The estimated half-life of CD4 + cDCs in SIRPα MT mice was thus markedly shortened compared with that for those in WT mice (2.0 ± 0.1 versus 3.2 ± 0.2 days; means ± SE, n = 3, P < 0.05) ( Figure 5C ). By contrast, the rate of labeling with BrdU and the estimated half-life of CD8 + or DN cDCs in the spleen of SIRPα MT mice were similar to those in WT mice. These results suggested that the deficiency of CD4 + cDCs in the spleen of SIRPα MT mice is attributable, at least in part, to a reduced half-life of these cells.
Importance of both hematopoietic and nonhematopoietic CD47 for homeostasis of splenic CD4 + cDCs and DN cDCs
We and others have previously shown that the number of CD4 + cDCs is selectively decreased in the spleen of CD47-deficient (CD47 KO) mice on either the C57BL/6 or Balb/c background. 27, 34 We confirmed this observation in the present study and also found that the number of DN cDCs, but not that of CD8 + cDCs, was markedly decreased in the spleen of CD47 KO mice compared with that in WT mice ( Figure 6A ). This phenotype of CD47 KO mice is thus similar to that of SIRPα ΜΤ mice, suggesting that the interaction of CD47 with SIRPα might be important for homeostatic regulation of CD4 + cDCs. CD47 is expressed widely in both hematopoietic cells, including three subtypes of cDCs (Supplemental Figure S3) , and nonhematopoietic cells, however. 20, 24 We therefore next For
Discussion
We have shown here that the number of splenic CD4 + cDCs is specifically reduced in the spleen of SIRPα MT mice. Furthermore, the decrease in the number of splenic CD4 + cDCs was also observed in hematopoietic or mixed BM chimeras, indicating that SIRPα is required in a cell autonomous manner for homeostatic regulation of CD4 + cDCs. This conclusion is consistent with the finding that the level of SIRPα expression on CD4 + cDCs is much greater than that on CD8 + cDCs. The numbers of CD4 + cDCs and mDCs in pLNs, both of which express SIRPα at a high level, 21 were also markedly reduced, whereas the number of SIRPα low cDCs in the thymus was not, in SIRPα MT mice. We further Similar to SIRPα MT mice, CD47 KO mice manifested a marked decrease in the number of both CD4 + cDCs and DN cDCs, but not in that of CD8 + cDCs, in the spleen.
Moreover, the accumulation of pre-cDCs in the spleen was also not impaired but rather increased in CD47 KO mice (Supplemental Figure S4) . Examination of the kinetics of cDC labeling with BrdU previously showed that the labeling of CD4 + cDCs at 48 h was markedly increased in the spleen of CD47 KO mice compared with that in WT mice, 34 indicating that the turnover rate of CD4 + cDCs in the spleen of CD47 KO mice is increased, as observed with SIRPα MT mice in the present study. Given that CD47 is a ligand for representative of two independent experiments. *P < 0.05, **P < 0.01 (Student's t test).
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